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Abstract 
An integrated design concept of a 25 KWel hybrid gas turbine-receiver unit is introduced in this paper. In this design, hot sections 
(receiver, combustor and turbine) are integrated and located in the center of the unit in order to achieve a compact structure with 
low heat loss and cooling requirement. A ray tracing model is developed for analyzing the focal plane of the potential parabolic 
dish design and predicting the radiative flux boundary conditions of the receiver. An impinging cavity receiver, with a cylindrical 
absorber wall and a semi-spherical bottom, is chosen as the receiver for this hybrid unit. The cooling capacities of different 
impinging arrangements are calculated to determine the thermal boundary conditions on the cooling side. Finally, the optimal 
dimensions of the receiver are chosen as well as the impingement cooling design. A ‘single ring’ impinging array was found to 
be optimal for cooling down the wall temperature of the peak flux region to 1200 °C and provide a receiver exit temperature of 
840 °C. 
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1. Introduction 
Solar hybrid dish Brayton systems have great potential in reducing the costs of solar dish systems [1]. These 
hybrid systems can work on solar energy and fuel to achieve stable power outputs independent of solar energy 
variations. Moreover, in traditional pure solar dish systems (most are dish Stirling systems), the dish size and the 
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engine capacity need to be well matched based on the local direct normal irradiance (DNI) data and the system 
efficiency, however, the ‘matching’ work will largely limit the solar dish system in large scale application. These 
hybrid systems can be designed on maximum DNI level, which can help avoid the ‘matching’ work of the engine 
and the dish by changing the fuel input rate. Hence, these kind hybrid solar dish systems have a bright future in large 
scale solar dish application. An externally-fired micro gas turbine (EFMGT) has earlier been introduced by the solar 
group at KTH [2] as a possible converter in a solar dish plant. However, the performance was limited by the 
maximum working temperature of the heat exchanger and the heat loss by its complicated pipe system. An 
internally-fired recuperated micro gas turbine (IFMGT) can offer higher working temperature and efficiency. 
However, it is still a challenge to integrate the receiver with the compact gas turbine. 
In this paper, a conceptual design of a new compact micro gas turbine (IFMGT)-receiver unit with 25 kWe output 
is developed in order to avoid the disadvantages of the EFMGT and achieve better performance. An impinging 
cavity receiver concept [3] is chosen as the basic receiver design in this hybrid unit. A cavity with a cylindrical 
absorber wall and a semi-spherical bottom is chosen as the cavity shape, because of its simple structure and 
durability under high temperature and pressure. The cooling capacities of different impinging arrangements are 
calculated as the thermal boundary conditions on the cooling side. A ray tracing model is developed for predicting 
the radiative flux boundary conditions of the different cavity geometrical designs on the heating side.  
 
Nomenclature 
d  nozzle diameter 
D  cavity diameter 
H nozzle to target space 
k  thermal conductivity 
L  cylinder length 
m   mass flow 
n  nozzle number 
Nu Nusselt number 
Pj center-to-center distance 
Pr Prandtl number 
r  the distance from the local position to the center of the nozzle 
Re Reynolds number 
Ts solid surface temperature 
Vj jet velocity at the exit of the nozzle 
U  density 
Q  kinematic viscosity 
elK  electric efficiency 
cis ,K  isentropic efficiency of the compressor 
tis ,K  isentropic efficiency of the turbine 
2. Integrated design concept of the gas turbine-receiver unit 
The gas turbine-receiver unit constitutes of a centrifugal compressor, an annular recuperator, an axial turbine and 
a solar receiver, as shown in Fig. 1. In such a design, high temperature components (the receiver, the combustor and 
the turbine) are located in the center of the system and surrounded by low temperature components (recuperator and 
cold air channel), which makes the structure more compact and less heat loss occur compared to the EFMGT dish 
system. The air is compressed by the compressor, warmed up by the recuperator, and forced through the channel on 
the combustor wall for cooling it. Then, the air is warmed up to a higher temperature by the solar receiver. Finally, 
the air enters to the combustor directly when it exit the solar receiver, and it is heated in the combustor to the 
required turbine inlet temperature, which is set to 950 °C in order to keep the blades uncooled. The waste-gas is then 
expanded in a single stage axial turbine coupled with the same shaft as the compressor and generator. Furthermore, 
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the solar receiver is located before the combustor such that the air can be heated up to higher temperature by the 
combustor, and higher gas turbine efficiency can be achieved. This architecture also enables the utilization of 
medium temperature receiver designs where metal walls can be utilized and mechanical life can be assured. 
 
Fig. 1. Schematic of the hybrid gas turbine-receiver unit. 
In this hybrid gas turbine-receiver unit, the combustor needs to work steadily under variable operating conditions. 
In no-sun condition, the combustor is subjected to high fuel flow with fairly low air temperature while the increase 
of the sun input leads to a decreasing of the fuel flow but to an increasing air temperature. Hence, the air velocities 
and fuel injection need to be well controlled in order to reduce the risks of auto ignition and flashback. A dry low 
NOx (DLN) type combustor, which assures a high velocity of the mixture, can both reduce the emission and 
maintain a good stability of combustion by burning fuel in the vortex break down zone. It can burn at least the 75% 
of the fuel at cool-fuel-lean condition [4]. Hence, a DLN type combustor is chosen as the preliminary design, and 
the pressure drop in the whole combustor system is estimated to be within 4% in this design. 
In small gas turbine design, it is expected to have a 15-20% efficiency increase by using a recuperator [4]. In this 
design, an annular counter flow recuperator is chosen for heating up the compressor exit air to 640 °C by the exhaust 
gases from the turbine exit. Inconel 625 is chosen as the material of the recuperator. An effectiveness of about 0.83 
has been taken into account for the following calculations and it is a conservative value compared with about 0.86 
mentioned for the recuperator of a Capstone C30, a micro gas turbine with comparable characteristics to the turbine 
of this model [5]. The pressure drop is estimated to be 1% in the cold side of the recuperator and 4% in the hot side 
in this design. 
The MGT is designed for generating 25 kWel at nominal conditions (an ambient temperature of 15 °C and a solar 
direct normal irradiance of 800 W/m2). The optimized process is obtained by the combined use of Matlab and Axtur 
(a software package developed by Politecnico di Milano for a 1-D analysis of the axial turbine). Matlab has been 
used for building the thermodynamic model of the cycle and Axtur has been used to optimize the pressure ratio of 
the cycle, assuring the highest overall efficiency when fulfilling the specific request of a single stage turbine. The 
results from the optimization process are reported in Table 1 and Fig. 2.  
Table 1. Values of the MGT main features. 
Pressure ratio Engine speed, 
rpm 
Electric efficiency 
(Șel) 
Isentropic efficiency of 
the compressor (Șis,c) 
Isentropic efficiency 
of the turbine (Șis,t) 
air flow, 
kg/s 
fuel flow, 
kg/s 
3 95 500 0.296 0.819 0.838 0.234 6.56×10-4 
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Fig. 2. Temperature and pressure layout of the hybrid gas turbine-receiver unit. 
3. Dish collector design 
In this gas turbine- receiver unit design, the air from the recuperator enters the receiver via the combustor wall 
cooling ducts, so in the ‘sun on’ case the outlet air parameters of the recuperator is basically the inlet parameters of 
the receiver. Based on the requirements of the gas turbine, the boundary conditions or design goals for the dish 
collector and receiver can be obtained, as shown in Table 2. The reflectance of the dish is estimated to be 92.5%, 
and the rim angle is set to 45°. A cavity receiver usually can be considered as a blackbody in receiver design, and 
most of the concentrated solar irradiation through the aperture is absorbed. So, the receiver optical efficiency is 
estimated to be 95% in this case, including the intercept efficiency. Additionally, 80% is estimated as the receiver 
thermal efficiency. Hence, based on the reflectance of the dish, the absorbed thermal power by the working fluid, 
and the receiver efficiency, a dish with 11 m diameter is chosen. Slope error is another key parameter which can 
affect the optical efficiency and the final flux distribution on the focal plane beyond the reflectance. In this study, a 2 
mrad dish slope error which is estimated based on the measured data from EuroDish and DISTAL II [6][7]. 
Table 2. Boundary conditions for the receiver and dish collector design. 
Absorbed thermal 
power, kWth 
Pressure at inlet, 
×105 Pa 
Air mass flow, kg/s Pressure drop, % Air inlet 
temperature, °C 
Receiver thermal 
efficiency, % 
53 2.94 0.23 3 640 80 
Ray tracing technology is used for the optical design of the receiver. In this study, a ray tracing model, with a 
dish and a target located on its focus, is developed with the help of a commercial ray tracing software package 
FRED®. Different aperture diameters (target diameters) are tested in the ray tracing model, from 25 mm to 400 mm, 
and the results are depicted in Fig 3. It shows that more than 99.6% of the total collected solar radiative energy can 
be caught with a cavity aperture diameter of 250 mm. Since the radiation and natural convection heat losses are 
related to the aperture size, the aperture diameter is set 250 mm to keep the heat losses at a minimum level.  
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Fig. 3. Variation of intercept efficiency for different aperture diameters. 
4. Receiver design and material choice 
A cylindrical cavity with a semi-spherical domed bottom is chosen as the cavity shape, due to its simple structure 
and successful application in the cavity receiver design history. A 1200 °C cavity surface temperature is assumed as 
the temperature boundary condition for the cavity receiver design. However, both numerical and experimental 
studies show that there is a flux peak on the cylindrical wall, which correspondingly causes a peak in the 
temperature distribution when using the conventional forced convection cooling design [8][9][10]. Impinging 
cooling technology can offer a three times higher heat transfer coefficient than conventional convection cooling by 
confined flow parallel to the cooled surface at a given maximum flow speed [11]. Moreover, its local Nusselt 
number distribution appears as a ‘bell’ shaped. For a typical single round nozzle impinging jet, the local Nusselt 
number distribution shows one or two peaks in the stagnation region, and the local Nusselt number decreases with 
the increase of the distance from the center. Hence, it is a good choice for cooling this kind of surface with a peak 
heat flux.  
Silicon Carbide (SiC) materials can work up to 1600 °C in an oxidizing atmosphere, and these materials are 
widely used in ‘point focusing’ solar receiver design. In previous studies, cavity receivers with a 5 mm thickness 
SiC ceramic wall were tested that can work under a pressure of 3–10 bars [8][9]. So, recrystallized Silicon Carbide 
(RSiC), which has a minimum heat conductivity of 26 W/ (m·K) [12] and an approximate emissivity of 0.9 at 1200 
°C [13], is chosen as the material of the absorber in this impinging receiver design. 
4.1. Impinging cooling system design 
Normally, the peak of the local heat transfer coefficient is located in the stagnation region for a single impinging 
jet. However, according to the previous research results of heat transfer on a cylindrical target by a number of jets, 
the maximum heat transfer coefficient is located in the ‘fountain’ region between two impinging jet, and the 
minimum heat transfer coefficient is located between the stagnation region and ‘fountain’ region [14]. In a typical 
‘single ring’ impinging array, as shown in Fig. 4, the minimum heat transfer coefficient can be as low as 20%-30% 
of the heat transfer coefficient in the stagnation region. Hence, there will be tangential temperature variations that 
may be reduced by the conduction and radiation heat transfer. Another factor, which may affect the heat transfer 
coefficient distribution in the circumferential direction, is the number of nozzles in the circumferential direction. 
Normally, a more uniform local heat transfer coefficient distribution is reached with more nozzles. However, the 
center-to-center distance (Pj) of the nozzles should be larger than 4 times the nozzle diameter in order to avoid a 
significant interaction between the two neighboring impinging jets [11]. Hence, in this study, the stagnation point 
heat transfer coefficient is chosen as a peak, and a correction factor of 0.7 is introduced for a conservative cooling 
capacity estimation.  
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Fig. 4. (a) schematic of a ‘single ring’ impinging array in axial direction; (b) in radial direction. 
Previous research results show that there is no significant change in the stagnation point Nusselt number with 
changing of the nozzle-target distance H within 6 times the nozzle diameter, because the stagnation region is still 
located in the core flow region [15]. Hence, in this receiver design, H/d=4 can be used as the nozzle-target distance 
design. As there is no suitable correlation for the heat transfer of an impinging jet on a convex cylindrical target 
available, the correlation for an impinging jet on a flat target is utilized for predicting the local Nusselt number on 
the stagnation point [16]: 
31498.0 PrRe17.1 oNu    (1) 
where Pr is the Prandtl number of the air and Re is the Reynolds number at the exit of the nozzle. It is valid in the 
range of:  Re 27000, 3 H/d 16. The Reynolds number can be obtained by: 
Q
dVj Re    (2) 
 22dn
mVj SU

    (3) 
where ሶ݉ , n, d, ȡ, Vj, and Ȟ are the mass flow, the nozzle number, the nozzle diameter, the density of the air, the jet 
velocity at the exit of the nozzle and the kinematic viscosity of the air at the exit of the nozzle. In an impinging 
system, the nozzle diameter is defined as the characteristic length, so the stagnation point heat transfer coefficient 
can be expressed as: 
d
kNuh oo     (4) 
where k is the thermal conductivity of the air. Hence, the equation for calculating the stagnation point heat transfer 
coefficient can be obtained by the combination of the equation (1), (2), (3) and (4): 
  498.1498.0
31498.0 Pr33.2
dn
mkho SQU

    (5) 
Based on the equation (4), the local Nusselt number increases as the number of nozzles or the nozzle diameter 
decreases. However, high heat transfer performance is not for free. The pressure drop will increase faster as seen in 
equation 6[17]: 
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where ȕd and Cd are the diameter ratio between the nozzle and the plenum and the discharge coefficient of the 
nozzle. In this study, the plenum hydraulic diameter is more than two times of the nozzle diameter, so ȕd4 is small 
and can be ignored. The discharge coefficient, which is dependent on nozzle configuration, is approximately 0.6 for 
flow through a sharp-edged orifice with high Reynolds number and 0.8-0.9 for rounded entry nozzle [17].  In this 
case, rounded entry nozzles are used and the discharge coefficient is estimated to be 0.8. 
The variation of stagnation point Nusselt number results for different nozzle arrangement (H/d=4) are depicted in 
Fig. 5.  It shows that the stagnation point heat transfer coefficient is more sensitive to the nozzle diameter than the 
number of nozzles. So, more nozzle number and smaller nozzle diameter can help achieve a higher stagnation point 
heat transfer coefficient. Under the boundary condition of 3% maximum pressure drop, the stagnation point heat 
transfer coefficient can reach 1600 W/(m2K) when 50 nozzles with 6.5 mm diameter are used. However, small 
nozzle also means that a small region is covered by the high heat transfer coefficient. ‘Multi ring’ arrays might be 
introduced if the width of the peak heat flux region is too large. In this study, a ‘single ring’ array is chosen as the 
nozzle arrangement, such that the restriction of the minimum center-to-center distance is also taken into 
consideration during design process of the impinging cooling system.   
 
Fig. 5. Variation of the stagnation point Nusselt number with different nozzle arrangement at H/d =4. 
4.2. Receiver geometrical design and heat transfer analysis 
The ray tracing results of different cavity sizes are shown in Fig. 6, the flux peak on the cylindrical cavity wall 
decreases and the position moves away from the aperture with increasing cavity diameter, but there is no significant 
change with the cavity length. The flux level on the bottom surface decreases with increase of the cavity length. 
According to the results of stagnation point Nusselt number calculation in fig 5 and an approximate 500 °C 
temperature difference between the air at the nozzle exit and the solid surface, the 4.7×105 W/m2 heat peak flux 
level can be evened out by a 16×13 mm ‘single ring’ impinging jet array on the cooling side of the receiver. 
Comparing the flux peak on the cylindrical surfaces with different diameters in fig 6, the peak flux level of D=300 
mm design is 4.3×105 W/m2 which is within the cooling capacity of the 16×13 mm ‘single ring’ impinging jet array. 
Hence, 300 mm is chosen as the diameter of the cavity. The flux on the bottom is reduced to a 1.4×105 W/m2 level 
when the cylindrical cavity length is extended to 300 mm, and it is only 1/3 of the peak on the cylindrical wall. 
Hence, a cylindrical cavity, which has a diameter of 300 mm and a length of 300 mm, is chosen as the preliminary 
cavity shape.  The absorbed solar radiative flux peak is reach at 4.37×105 W/m2 and located at the middle of the 
cylinder (150 mm to the aperture).  Taking into consideration the radiation heat loss and natural convection heat 
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loss, the peak heat flux on the cooling side is estimated to approximately 4×105 W/m2. Hence, the cooling capacity 
of the 16×13 mm ‘single ring’ impinging array design is sufficient to control the temperature below 1200 °C in the 
flux peak region.  
  
Fig. 6. Flux distributions on the cylindrical cavity surface with different diameters and lengths (with an aperture diameter of 250 mm). 
The schematic of the impinging receiver concept design is shown in Fig. 7. There are 16 nozzles distributed 
uniformly in the circumferential direction and every one with a diameter of 13 mm. The air, which has been warmed 
up to 640 °C by the recuperator, entries the receiver by the inlet channel. Then, the air flow is accelerated when 
passing through the nozzles, and impinges on the cavity wall to take away the heat. Finally, the heated air exits the 
receiver by the outlet channel to the combustor. The nozzles are located above the flux peak which is located at 150 
mm to the aperture. The height of the annulus channel is 42 mm which is 4 times nozzle diameter. 
 
Fig. 7. (a) layout of the impinging receiver for the hybrid gas turbine-receiver unit concept; (b) cross view at A-A. 
In order to test the thermal performance of the cavity receiver, it is necessary to calculate the local heat transfer 
coefficient distribution of the impinging system based on the result of the stagnation Nu analysing process. As the 
research of the impingement on a convex cylindrical surface is quite limit, there is no suitable correlation can be 
directly used. Hence, in this work, a semi-empirical correlation, which developed by H. Martin for predicting the 
heat transfer between impinging jet on a flat plate surface, is used for calculating the local Nusselt number due to its 
high accuracy and wide validity range [18]. The differential form of the correlation is shown in equation 7: 
0 50 100 150 200 250 300
0
1
2
3
4
5
6 x 10
5
Axial position (mm)
R
ad
ia
tiv
e 
Fl
ux
 (W
/m
2 )
 
 
DuL=250u300 mm
DuL=300u200 mm
DuL=300u300 mm
DuL=300u250 mm
DuL=350u300 mm
 W. Wang et al. /  Energy Procedia  69 ( 2015 )  583 – 592 591
   
 
   
   »¼
º
«
¬
ª



 2
25.055.05.042.0
61.0
1.1
)6(1.0
1.12Re005.01RePr
dHdr
drdr
dHdr
dr
dr
Nur       (7) 
which is valid in the range of: 2×103  Re 4×105, 2.5  r/d   H/d   12. 
Here, r is the distance from the local position to the center of the nozzle. As the flow field in the stagnation area is 
complicated, there is no available correlation that can predict the local heat transfer coefficient distribution 
accurately in this region. So in this case, the local Nusselt number in the stagnation region is estimated by the linear 
fitting between the local Nusselt number at the position of 2.5 nozzle diameter Nur=2.5d and the stagnation point Nuo. 
Based on the constant cavity wall temperature assumption, the heat conductivity in the axial direction is 
negligible, and the heat flux through the cavity wall to the cooling side can be easily calculated. The heat flux on the 
cooling side is equal to the difference between the absorbed solar irradiation flux with the heat losses flux which 
caused by the natural convection and thermal radiation. For the natural convection loss between the absorber surface 
and the ambient, a correlation developed by S. Paitoonsurikarn et al. for an average Nusselt number can be used 
instead [19]. For the radiation heat loss, the view factor and the radiative heat transfer from a differential ring 
element on the cylindrical surface to a circular disk is used [20] has been employed. Finally, the required total heat 
transfer coefficient distribution can be obtained based on the distribution of the heat flux on the cooling side. The 
required total heat transfer coefficient distribution in the axial direction and the heat transfer coefficient of the 
impinging system are shown in Fig. 8. In the region near the aperture, the required total heat transfer coefficient is 
negative which means that the temperature in this region can’t reach as high as 1200 °C even without any extra 
cooling effect on it. The 16×13 mm ‘single ring’ impinging array is sufficient for keeping the wall temperature 
below 1200 °C in most area of cavity wall but the region from 180 mm to 300 mm, without introducing any the 
radiation heat exchange between the two surfaces of the annulus channel. In order to check the real working 
temperature on the area of the cylindrical area from 180 mm to 300 mm, the temperature of the outer surface of the 
annulus channel should also be well defined for introducing the radiation heat transfer between the surfaces. After 
the preliminary design, a more detailed CFD-Model-investigation process will be done for the selected possible 
receiver designs. 
  
Fig. 8. The required total heat transfer coefficient distribution and the local heat transfer coefficient of the impinging system in the axial direction. 
5. Conclusions and future work 
An integrated design concept of a MGT-receiver unit is introduced in this paper. Compared with the EFMGT 
dish system, it is designed and integrated with the combustor and turbine of the gas turbine to achieve a more 
compact structure and a higher efficiency. Moreover, the combustor is design between the receiver and turbine so 
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that the receiver air can be heated up to a higher turbine inlet temperature, which means that the gas turbine can be 
designed for very high temperature even waiting for more advanced high temperature receiver design.  
An impinging cavity receiver, with a cylindrical absorber wall and a semi-spherical bottom, is designed by an 
inverse design method which is based on a uniform surface temperature assumption. In this kind of receiver design, 
a ‘single ring’ impinging array is located around the peak flux region on cylindrical cavity wall for keeping the 
temperature below the design temperature. A ray tracing model is developed for analyzing the focal plane of the 
potential parabolic dish design and predicting the radiative flux boundary conditions of the receiver. Under the 
constant total air mass flow boundary condition, variation of the stagnation point heat transfer coefficients for 
different nozzle arrangements are calculated for designing the cavity geometry parameters by estimating the 
acceptable peak flux level on the cylindrical wall. Finally, the optimal dimensions of the receiver (D×L=300×300 
mm) are chosen as well as the impingement cooling design. A 16×13 mm ‘single ring’ impinging array was found to 
be optimal for cooling down the wall temperature of the peak flux region to 1200 °C and provide a receiver exit 
temperature of 840 °C. 
In the future, computational heat transfer (CFD) technology should be introduced and coupled with the ray 
tracing technology in more detail analysis of design. Moreover, a prototype of this cavity receiver should also be 
tested experimentally by the high flux solar simulator (HFSS) in KTH. 
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